Completely ab initio global potential energy surfaces ͑PESs͒ for the singlet and triplet spin multiplicities of rigid O 2 ͑ 3 ⌺ g − ͒ +O 2 ͑ 3 ⌺ g − ͒ are reported for the first time. They have been obtained by combining an accurate restricted coupled cluster theory with singles, doubles, and perturbative triple excitations ͓RCCSD͑T͔͒ quintet potential ͓Bartolomei et al.,J. Chem. Phys. 128, 214304 ͑2008͔͒ with complete active space second order perturbation theory ͑CASPT2͒ or, alternatively, multireference configuration interaction ͑MRCI͒ calculations of the singlet-quintet and triplet-quintet splittings. Spherical harmonic expansions, containing a large number of terms due to the high anisotropy of the interaction, have been built from the ab initio data. The radial coefficients of these expansions are matched at long range distances with analytical functions based on recent ab initio calculations of the electric properties of the monomers ͓M. Bartolomei, E. Carmona-Novillo, M. I. Hernández, J. Campos-Martínez, and R. Hernández-Lamoneda, J. Comput. Chem. ͑2010͒ ͑in press͔͒. The singlet and triplet PESs obtained from either RCCSD͑T͒-CASPT2 or RCCSD͑T͒-MRCI calculations are quite similar, although quantitative differences appear in specific terms of the expansion. CASPT2 calculations are the ones giving rise to larger splittings and more attractive interactions, particularly in the region of the absolute minima ͑in the rectangular D 2h geometry͒. The new singlet, triplet, and quintet PESs are tested against second virial coefficient B͑T͒ data and, their spherically averaged components, against integral cross sections measured with rotationally hot effusive beams. Both types of multiconfigurational approaches provide quite similar results, which, in turn, are in good agreement with the measurements. It is found that discrepancies with the experiments could be removed if the PESs were slightly more attractive. In this regard, the most attractive RCCSD͑T͒-CASPT2 PESs perform slightly better than the RCCSD͑T͒-MRCI counterpart.
I. INTRODUCTION
The calculation of global potential energy surfaces ͑PES͒ represents a crucial step for analyzing and predicting a wide range of molecular properties. A great deal of effort has been applied in this direction specially in the recent past motivated by the development of powerful electronic structure methods 1 and the ever increasing improvements in computational resources. Still, most of the systems studied so far belong to the closed shell category, and much less has been accomplished for the more challenging open-shell cases. In this regard, it is worth mentioning that several groups are still actively pursuing the development of new methodologies. [2] [3] [4] [5] [6] [7] [8] [9] One of the most difficult cases for the current state of the art ab initio methodologies is the interaction of two open-shell monomers 10 where the most accurate and well-established single reference methods fail completely. In order to tackle such problems, one has to rely on multiconfigurational methods and deal with their limitations when applied to weakly interacting systems.
A prototypical tetratomic system with two open-shells is ͓O 2 ͑ 3 ⌺ g − ͔͒ 2 , which leads to asymptotically degenerate singlet, triplet, and quintet states. In a pioneering work, 11, 12 global PESs for the three multiplicities were built on the basis of first order exchange intermolecular perturbation theory and subsequently used to study properties of the solid phases. 13 Some years later, Bussery and Wormer ͑BW͒ ͑Ref. 14͒ added empirical dispersion coefficients in order to obtain a more realistic description by including the most important attractive terms. Molecular beam experiments by the Perugia group 15, 16 led to global PES for the different multiplicities via an inversion procedure of their extensive cross section data. At the same time, new high resolution spectra were recorded, 17, 18 showing a high degree of congestion and complicating its analysis, and for this purpose, the use of the BW PES was crucial. More recently, interest in the molecular oxygen dimer has come from the rapidly expanding field of cold and ultracold collisions, where the system has been considered as a likely candidate for evaporative cooling 19 and quantum scattering calculations have been performed using both the BW PES ͑Ref. 20͒ and the Perugia PES. 21, 22 Finally, the relevance of oxygen complexes for absorption processes in the atmosphere 23, 24 including its possible interference with the Chappuis and Hartley bands of ozone 25 is well recognized and documented.
Although both BW and Perugia PESs have been of great importance in interpreting the available experimental data and have been shown to be consistent with reliable ab initio calculations, [26] [27] [28] there are significant discrepancies between them reflecting their inherent limitations. This together with the wealth of detailed experimental information available has prompted us to develop highly accurate global ab initio PESs. In a previous paper, 29 we presented a PES for the quintet state calculated with the restricted coupled cluster theory with singles, doubles, and perturbative triple excitations method ͓RCCSD͑T͔͒ and an extensive basis. We predicted the presence of a new local minimum skewed structure, indicating the power of the methodology followed. Additionally the PES has been used in scattering calculations, 30 and a critical comparison with the Perugia potential has been made. As mentioned above, ab initio calculations of the singlet and triplet states are much more difficult. In Ref. 26 , we proposed that the singlet and triplet potentials can be adequately obtained by combining RCCSD͑T͒ quintet potentials with multireference configuration interaction ͑MRCI͒ calculations of the singlet-quintet and triplet-quintet splittings. A more detailed analysis at the four limiting geometrical arrangements of the dimer was performed later 31 by comparing several multiconfigurational approaches such as MRCI, averaged coupled-pair functional, and complete active space second order perturbation theory ͑CASPT2͒ for different active spaces and basis sets. This study allowed us to test the influence of improving the size consistency error, which is a delicate point when treating weak intermolecular forces. We were also able to conclude on the limitations of the Heisenberg Hamiltonian, which has been used so frequently in the past to treat this type of interaction and the need to include higher order correlation to accurately describe the splittings between the multiplet states. Finally, we showed that calculations of the splittings with the MRCI and CASPT2 methods should provide lower and upper limits, respectively, to the interaction. The aim of the present work is to extend these calculations to construct fully ab initio global PESs for the singlet and triplet states.
In Sec. II, we provide details for the building of the ab initio global PESs and how the supermolecular calculations are matched in the long range region with analytical functions with coefficients obtained from ab initio calculations of monomer properties. 32 Section III is devoted to the analysis of the potential energy surfaces, the comparison with measured total cross sections, 16 and second virial coefficient data. 33, 34 Comparisons with the experimentally derived Perugia PES ͑Ref. 16͒ will be also discussed in this section. Concluding remarks are finally given in Sec. IV.
II. CALCULATION OF SINGLET AND TRIPLET POTENTIAL ENERGY SURFACES
Following Ref. 31 , the singlet ͑s͒ and triplet ͑t͒ interaction energies are obtained by adding, to the RCCSD͑T͒ quintet ͑q͒ potential, 29 V CC q , singlet-quintet ͑s − q͒ and tripletquintet ͑t − q͒ splittings computed using a multiconfigurational method,
where V multi s,t,q are S =0,1,2 state energies as obtained by a multiconfigurational method and S is the total electronic spin. A similar approach has been recently adopted for the study of the ͓NH͑ 3 ⌺ − ͔͒ 2 dimer. 35, 36 Here, the s − q and t − q splittings are computed at MRCI as well as CASPT2 levels of theory based on previous findings from Ref. 31 . In this way, we have built two types of singlet and triplet PESs, referred in what follows as CC-MRCI and CC-PT2 PESs, where "CC" refers to the RCCSD͑T͒ calculation of the quintet state, and the second acronym refers to the method used to compute the splittings, MRCI and CASPT2, respectively.
A. Geometries and ab initio calculations
We have considered different relative geometries of the dimer based in diatom-diatom Jacobi coordinates: the intermolecular distance R, the angles a and b , formed between the intermolecular R and the intramolecular vectors r a , and r b , respectively, and the torsional angle . In all the calculations, r a and r b distances have been fixed to the O 2 equilibrium distance, r e = 2.28 bohrs ͑rigid monomers͒. For the intermolecular distance R, 18 values ranging from 4.5 to 16.0 bohrs were considered. For the angular variables, we have taken the geometries coming out from nine Gauss-Legendre quadrature points in the −1 Յ cos a , cos b Յ 1 range and from five Gauss-Chebyshev quadrature points for 0 Յ Յ . Several of the resulting geometries are equivalent due to the symmetry of the system, and the ranges of the coordinates have been reduced to 65 "irreducible geometries," as described in Ref. 29 . We thus have computed 1170 points for each spin state ͑S =0,1,2͒ and multiconfigurational ͑MRCI and CASPT2͒ approach.
The applied ab initio methodology has been guided by our previous detailed study 31 on the performance of several multireference approaches for the calculation of the multiplet splittings in the system. In that study, several tests were made regarding the choice of the active space, a crucial ingredient of the multireference methods and also on the choice of one electron basis set. We selected the active space consisting of distributing 12 electrons in eight active molecular orbitals correlating with the molecular oxygen shell. As mentioned before dynamical correlation effects are treated at the MRCI and CASPT2 levels since they provide, respectively, lower and upper limits to the interaction energy. The 5s4p3d2f atomic natural orbital basis set 37 plus the bond function set ͓3s3p2d1f͔ developed by Tao 38 placed in the middle of the complex has been used. This choice of basis set and active space is a good compromise between accuracy and computational expediency.
The counterpoise method 39, 40 was applied in order to correct the interaction energies for the basis set superposition error. In addition, Davidson's correction 41, 42 was added to the MRCI energies. For both MRCI and CASPT2 calculations, the residual interaction energy calculated at the asymptote ͑R = 70 bohrs͒, which arises from the size consistency error, is subtracted at all calculated points. It should be noted that this error is about one order of magnitude smaller in the case of CASPT2 ͑about 50 meV͒ as compared with MRCI. For a detailed analysis of the size consistency error in multireference second order perturbation theory, see Ref. 43 . In the case of the quintet surface, a very small residual due to the approximate spin adaptation in RCCSD͑T͒ ͑Ref. 44͒ also has to be subtracted. In particular, the size consistency error is about 0.1 meV for our present RCCSD͑T͒ calculations and reduces to about 0.001 meV when spin-unrestricted CCSD͑T͒ ͓UCCSD͑T͔͒ is employed. These numbers are similar to those reported in Ref. 36 , where the authors compared both methods and found that subtracting the size consistency error for the RCCSD͑T͒ energies does not significantly change the accuracy of the potential but does give the desired asymptotic behavior at long range. On the other hand, the use of the restricted formalism guarantees conservation of spin, which is very important for this system. Finally, for the CASPT2 calculations, the standard RS2 program of MOLPRO 
B. Spherical harmonics expansion
The interaction potentials V CC−multi s,t are expressed by means of the spherical harmonics expansion, over the angular variables by means of Gauss-Legendre and GaussChebyshev quadratures on the grid of angular orientations defined above. 29 After a careful analysis of the radial coefficients that can be obtained from the present set of quadrature points, we have found that for the CC-MRCI PESs, the set of ͑l a l b l͒ labels previously used for the quintet RCCSD͑T͒ PES ͑Ref. 29͒ was adequate ͑the complete list of terms can be seen in Table II͒ . For the CC-PT2 PESs, it was found that an expansion using 27 terms, where the ͑l a l b l͒ = ͑8 2 8͒ and ͑8 4 4͒ terms are taken out from the above set, was better suited to represent the interaction. We have computed the root mean square relative errors of the expansions with respect to the ab initio energies, averaged over all distances and quadrature points, obtaining 2% and 5% for the CC-PT2 and CC-MRCI PESs, respectively. A further indication of the quality of the expansion is given in Table I , where the spherical harmonic TABLE I. Comparison of ab initio energies ͑V abi ͒ with energies resulting from the spherical harmonic expansion of Eq. ͑3͒ ͑V fit ͒ using the set of 27 and 29 radial terms for the CC-PT2 and CC-MRCI PESs, respectively, for several orientations and intermolecular distances.
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Triplet expansions are compared with the ab initio calculations performed at specific dimer orientations. Note that except for the X geometry, these points do not belong to the set originally considered for building the PESs. In addition, a comparison corresponding to the singlet state is displayed in Fig.  1 . It can be seen that the spherical harmonic expansions used here are quite accurate. The largest discrepancies are found at short intermolecular distances ͑R Յ 5 bohrs͒, where the interaction is highly anisotropic.
C. Long range behavior and matching procedure
At large intermolecular distances, exchange effects are negligible, and hence the singlet, triplet, and quintet interaction potentials become degenerate. In this subsection, we present the asymptotic extension of the singlet, triplet, and quintet 29 PESs using a common analytical long range behavior.
Within the perturbation theory framework, the radial coefficients f l a l b l ͑R͒ of Eq. ͑3͒ can be written by a sum of electrostatic, dispersion, and induction contributions denoted by the subscripts el, d, and i, respectively,
Long range coefficients for O 2 +O 2 have been recently obtained in our group by means of high level ab initio calculations. 32 Permanent electric multipole moments Q 0 l ͑l =2,4,6,8͒ were taken from cluded in the grid of intermolecular distances and assigned the value given by Eq. ͑5͒. For distances between R 1 and R N+1 , the energy of the term is obtained by cubic spline interpolation. The analytical derivative of f l a l b l ͑R͒ at R N+1 was used as a boundary condition for solving the interpolation equations in order to obtain a smooth behavior of the term around R N+1 . The analytical behavior is then used for distances larger than R N+1 . For those terms with unknown long range behavior ͑12 terms͒, an adequate exponential decay was imposed for the asymptotic behavior.
The procedure worked quite well for the quintet PES, 29 and especially well for those coefficients dominating the spherical harmonic expansion. This is a good indication of the consistency between the supermolecular calculations and the calculations of the electric properties of the molecular fragments. For the singlet and triplet PESs, we have found some difficulties: the computed splittings ⌬ multi s,t−q ͓Eq. ͑2͔͒ typically display an exponential-like decay at intermediate distances, but after reaching values of the order of 10 −2 meV at about 10 bohrs, they do not continue rapidly decreasing to zero for larger R's but keep values between 10 −3 and 10 −2 meV. These inaccuracies are unimportant for the long range behavior of the isotropic terms but become relevant for the appropriate matching of the anisotropy terms of the expansion. The problem has been corrected by adjusting the splittings with suitable exponentially decreasing functions for distances larger than 10 bohrs. After this, all singlet and triplet curves become almost coincident with the quintet RCCSD͑T͒ ones for large distances ͑R Ͼ 14 bohrs͒, and the matching with the long range expansion is as smooth as that of the quintet PES. As an example of the quality of the fit, we show in Fig. 2 the matching of the first three terms of the spherical harmonic expansion for the case of the triplet CC-PT2 PES.
III. RESULTS AND DISCUSSION
A. The potential energy surfaces
In Fig. 3 , we present the isotropic components, f 000 , of the singlet and triplet CC-PT2 and CC-MRCI PESs and compare them with the corresponding terms of the Perugia potential. For completeness, we also show the RCCSD͑T͒ isotropic term for the quintet multiplicity already reported in Ref. 29 . First, it can be seen that CC-PT2 and CC-MRCI calculations provide very similar singlet and triplet curves, the CC-PT2 terms being slightly more attractive than the CC-MRCI ones ͓differences in the well depth are about 0.5 meV ͑4%͒ and 0.3 meV ͑3%͒ for the singlet and triplet curves, respectively͔. Regarding the comparison with the Perugia PES, 16 the largest differences are found for the singlet multiplicity, where the Perugia well depth is about 1.8 meV larger than the CC-PT2 one and the repulsive wall is located at somewhat shorter intermolecular distances. The best agreement is found for the state of largest multiplicity, being particularly remarkable in the repulsive region. 29 It is interesting to note that the splittings between the three spin states are smaller in the ab initio than in the experimentally derived PESs. In any case, we consider the comparison between the ab initio and the experimentally derived PESs to be quite satisfactory, taking into account the very different procedures used to obtain them.
The anisotropy terms of the Perugia PES, f 202 , f
220
, and f
222
, are compared with the corresponding coefficients of the ab initio PESs in Fig. 4 for the case of the triplet multiplicity. It can be seen that except for the f 222 coefficient, large differences appear between the ab initio and the experimentally derived PESs. It must be noted that the Perugia PES was , and f 220 radial coefficients of the triplet CC-PT2 PES at large intermolecular distances. Points at 14 and 16 bohrs are those resulting from the ab initio calculations, whereas the point at 19 bohrs is given by Eq. ͑5͒. The curves are, for R Ͻ 19 bohrs, the result of cubic spline interpolation, while for larger R's, they are given by the analytical long range behavior of Eq. ͑5͒. See text for more details.
built by including only these three terms to represent the anisotropy of interaction in an effective and compact way 16 ͑based on the analysis of cross sections measured with rotationally cold beams of aligned molecules as well as on second virial coefficient data͒. A much larger set of coefficients in the spherical harmonic expansion is involved in the ab initio PESs, as detailed below.
In Table II , the complete set of radial coefficients for the singlet surface as well as the triplet-singlet ͑t − s͒ splittings for the two types of multiconfigurational calculations are given at an intermolecular distance of 6 bohrs. This distance roughly corresponds to the absolute minimum of the triplet interaction at the rectangular H geometry. 31 It can be seen that, in addition to the f 000 , f
202
, f
220
, and f 222 coefficients reported in Fig. 4 , other terms contribute significantly to the interaction, especially those with ͑l a , l b , l͒ = ͑2 2 4͒, ͑4 0 4͒, ͑4 2 6͒, and ͑4 4 8͒. This occurs for all the multiplicities and intermolecular distances studied, leading to a globally higher anisotropy for the present PESs with respect to the Perugia ones. It is also interesting to analyze the components of the t − s splittings: the largest splittings are found for the ͑l a , l b , l͒ = ͑0 0 0͒, ͑4 4 8͒, ͑2 0 2͒, ͑2 2 4͒, and ͑6 4 10͒ components of the spherical harmonic expansion. The relevance of the ͑4 4 8͒ coefficient in the splittings was already pointed out by Wormer and van der Avoird, 12 and they noted that this is very much related to the nodal character of the partially filled antibonding orbitals g of the monomers. On passing, we mention that the relative strength of the radial coefficients shown in Table II is in qualitative agreement with the Hartree-Fock study in Ref. 12 ͑see Table IV therein͒. Turning to the comparison between the two types of multiconfigurational calculations, an overall good agreement was found between them, although some quantitative differences ͑in absolute value͒ appear for various of the most relevant terms, i.e., ͑l a , l b , l͒ = ͑0 0 0͒, ͑4 4 8͒ and ͑2 0 2͒, and this finding is noticed both for the singlet energies as well as for the t − s splittings.
The orientational dependence of the singlet, triplet, and quintet PESs at R = 6 bohrs is depicted in Fig. 5 . Although it has been already pointed out 31 that the multiplet energies do not obey quantitatively the Heisenberg model of the interaction, 11 this model is good enough in order to discuss several features of the figure. Within the Heisenberg Hamiltonian, the singlet, triplet, and quintet PESs can be written as
where V sa is a spin-averaged potential and J is the spinexchange interaction parameter. In Fig. 5 , large ͑and negative, antiferromagnetic͒ values of this parameter are found near the rectangular ͑H͒ and T-shape geometries, and according to Eq. ͑8͒, it can be seen that the quintet-triplet splitting is roughly twice the triplet-singlet one. For some ranges of orientations ͑between L and H and between T and H͒, the splittings change sign, the quintet curve becoming slightly more attractive ͑i.e., the J parameter becoming slightly ferromagnetic͒. These features agree qualitatively with the Hartree-Fock study of Wormer and van der Avoird 12 ͑Fig. 1 therein͒. In addition, as already indicated in Ref. 29 , the behavior of the splittings in the path L → H → X makes the quintet PES exhibit a global minimum at the X geometry ͑at slightly larger R's͒ and a local minimum at a planar skewed geometry ͑at about a = b = 71°and R = 6.5 bohrs͒. Turning to the comparison between the two multiconfigurational approaches, it can be seen that the splittings among the different multiplet states are larger for the CC-PT2 calculation, thus making the CC-PT2 singlet and triplet curves to be more attractive than the corresponding CC-MRCI ones. Although all the terms in Table II contribute ͑with different weights and signs, depending on the geometry͒ to the interaction energy, it has been checked that the differences be- tween the two multiconfigurational approaches are mainly due to differences in the terms ͑0 0 0͒, ͑2 0 2͒, and ͑4 4 8͒.
B. Integral cross sections
In order to assess the reliability of the ab initio PESs, we have tested them against available experimental data such as the total integral cross sections reported in Ref. 16 for the scattering of rotationally hot effusive beams. In these experiments, the oxygen projectile is in a high rotational temperature ͑with a distribution peaked about levels j =9-13͒ and collides with the target O 2 molecules, which are in the reaction chamber at low translational temperature. Under these conditions, Aquilanti et al. were able to resolve the glory structure, which in turn can give valuable information [46] [47] [48] on the intermolecular interaction involved in the process. As has been explained before ͑see Ref. 16 and references therein͒, under these experimental conditions, the colliders mainly probe the isotropic component of the interaction, i.e., the anisotropy can be neglected in a first instance. It has been shown, however, that inelastic transitions-due to the anisotropy of the interaction-can eventually modify the details of the glory structure ͑quenching of the amplitude or location of the extrema͒. 30, 49 Thus, as a first approximation, we have considered only the spherically averaged interaction given by the first term of the spherical harmonic expansion, f 000 , for each spin multiplet state, and the cross section calculations have been performed following a Jeffreys-Wentzel-Kramers-Brillouin ͑JWKB͒ method. Considering that the total electronic spin S is conserved in the collision, cross sections corresponding to the singlet, triplet, and quintet PESs, Q s ͑v͒, Q t ͑v͒, and Q q ͑v͒ respectively, have been combined as follows:
where the weighting factors are determined by degeneracies associated with each spin state and v is the velocity of the molecular beam. More details about the cross section calculation and convolution in the laboratory frame can be found in Ref. 50 and references therein. In Fig. 6 , we report the calculated cross sections computed within the two proposed methodologies ͑CC-PT2 and CC-MRCI͒ for the ab initio PESs together with the experimental results and those obtained using the Perugia PES. 16 The uncertainty of the experimentally derived C 6 000 long range term ͑see Table II of Ref. 16͒ is shown in the figure by depicting two further dotted lines below and above the best fit dot-dashed one. It can be noticed that both CC-PT2 and CC-MRCI results are very close to each other, given the similar isotropic interactions with the different levels of theory employed ͑see Fig. 3͒ . It can also be observed that there is an overall reasonable agreement between the ab initio and the measured cross sections: the absolute value of our calculations is just few percents lower ͑Ͻ10%͒ than the experimental best fit, with the glory pattern slightly shifted at lower velocities. This result represents a considerable improvement with respect to that provided by a previous semiab-initio PES ͑Ref. 14͒ ͑it predicted a glory pattern completely dephased with respect to the experimental one; see Fig. 1 in Ref. 16͒ . It is generally admitted that glory structures of the cross sections provide information on the potential well area, 51, 52 while their absolute values contain information about the long range attraction. 53 It must be pointed out that in this context and for the velocities probed experimentally, the "long range region" corresponds to intermolecular distances of about 11-14 bohrs. 30, 49 In view of Figs. 3 and 6 , the present results suggest that 
Note that at the L and T geometries, the torsional angle is undefined. the present ab initio PESs could underestimate the isotropic terms, specifically about 1 and 0.1 meV for the well depth and the long range tail ͑around 13 bohrs͒, respectively. This conclusion should be taken with caution due to the simplifications of the present dynamical model. For example, by means of close-coupling calculations including the full anisotropy of the quintet PES and at lower velocities, 30 it has been found that the effect of inelastic transitions on the total cross section is a quenching of the glory pattern and a displacement of the extrema toward higher velocities. It would be worthwhile to investigate if more realistic calculations of the nuclear motion improves the comparison with the experiment, and some efforts will be devoted to this issue in the future.
C. Second virial coefficients
A further check on the quality of present PESsincluding their anisotropy-can be carried out through the computation of the second virial coefficients B͑T͒ as a function of the temperature T. To calculate this magnitude, we apply a method based on the expressions for two linear molecules presented by Pack, 54 which include the first quantum correction due to the relative translational and rotational motions, including Coriolis coupling. As explained above for the cross sections, partial B͑T͒'s were computed for each multiplet state PES, and the resulting values were properly averaged as in Eq. ͑9͒. In Table III and in Fig. 7 ͑upper panel͒, the results are compared with the data in Refs. 33 and 34, together with those corresponding to the Perugia PES. In Table III , we also show second virial coefficient calculations performed by just retaining the isotropic component of the PESs under study.
It can be appreciated that both ab initio PESs provide a rather good agreement with the experimental data, with small discrepancies at low and intermediate temperatures, which are smaller for the CC-PT2 PESs calculation due to the more attractive character of this potential. The comparison is practically perfect above the Boyle temperature, which indicates that the repulsive walls of our PESs are very well characterized. In more detail, it can be seen that the present ab initio and the Perugia PES approximately give lower and upper bounds, respectively, to the measured B͑T͒. The role of the anisotropy can be inferred from the comparison of the full calculation of the B͑T͒'s ͑including both isotropic and anisotropic components͒ with the calculation where the anisotropy is neglected ͑shown in parentheses͒: the complete B͑T͒'s diminish with respect to the isotropic approximation in a significant manner for all the PESs studied as the temperature decreases. Interestingly, the contribution of the anisotropy is rather more important in the ab initio than in the Perugia PESs, as already pointed out in Sec. III A.
From the above discussion, it seems that the present ab initio PESs should be slightly more attractive-either in the spherically averaged term or in particular orientations ruled by the anisotropy-in order to achieve a perfect agreement with the measurements. As the results of the previous section ͑cross sections͒ indicate that the isotropic terms should be more attractive, we have decided to study the sensitivity of the calculated B͑T͒ to the features of the attractive component of the isotropic interaction. In particular, two different tests have been performed. In the first one, the more attractive long range coefficient C 6 000 of the Perugia PES ͑Ref. 16͒ has been used to extrapolate ͑for R Ն 10 bohrs͒ the isotropic terms of the present ab initio PESs. In the second analysis, the isotropic term of the ab initio quintet PES has been modified to match, in the 6.5Ͻ R Ͻ 10 bohrs range, the corresponding term of the Perugia PES, the isotropic terms of the singlet and triplet PESs being modified as well according to Eq. ͑1͒. Results are shown in the central and lower panels of Fig. 7 . In both cases, it can be seen that a better agreement with the experimental findings is reached in the lower and intermediate temperature ranges: in the central panel ͑corre-sponding to a modification of the long range tail͒, deviations are within the experimental uncertainties only for the CC-PT2 PES, while an optimal agreement for both ab initio PESs is achieved when the modifications are made for the isotropic well depth ͑lower panel, with the exception of the highest temperature͒. On the other hand, it can be anticipated that a complete modification of the isotropic terms ͑both in the well and in the long range regions, as the cross sections results indicate͒ would bring too low values of the B͑T͒'s.
IV. CONCLUDING REMARKS AND PERSPECTIVES
We have reported new global ab initio PESs of the three multiplet spin states for the interaction between rigid oxygen molecules in their ground electronic state. This represents a considerable improvement with respect to previous ab initio potentials, 12, 14 mainly because now electronic correlation is included by means of high level methods. We expect that this work will be of interest in several fields, such as the absorption of radiation in the atmosphere, 23 thermophysical properties, 55, 56 and condensed phase. 57 Our PESs include analytical long range behavior using accurate ab initio coefficients, 32 and this characteristic would be particularly useful for studies in cold and ultracold physics. 19, 58, 59 The focus of the work has been the calculation of the interaction for the singlet and triplet multiplicities ͓a quintet RCCSD͑T͒ PESs was previously reported 29 ͔. Calculations for these lower multiplicities are challenging because the use of multiconfigurational methods is unavoidable, and in this regard, we obtain the singlet and triplet PESs by combining the quintet RCCSD͑T͒ one with MRCI or, alternatively, CASPT2 calculations of the singlet-quintet and tripletquintet energy splittings. 31 The resulting two types of PESs, CC-MRCI and CC-PT2, were tested against total cross sections 16 and second virial coefficients 33, 34 measurements, and overall, a good agreement has been achieved. The assessment of the anisotropy of the PESs has been crucial in order to compare well with the measured second virial coefficients. It is suggested that an improved agreement with both types of experiments would be achieved if the computed PESs were slightly more attractive. In this sense, the CC-PT2 calculation is relatively more successful, although both types of PESs perform very similarly for the observables here considered. Indeed, these magnitudes do not show high sensitivity to the regions where both types of PESs mostly differ, i.e., the absolute minimum at the rectangular H geometry and the anisotropy of the repulsive wall. High resolution spectra of the dimer 17,18 offer a much more critical test to these surfaces, and calculations of the bound states of the dimer constitute our most immediate work plan. Further progress in the study of these interactions would be to go beyond the rigid rotor approximation by the incorporation of the dependence of the PESs with the intramolecular ͑vibrational͒ degrees of freedom. In the experiments considered here, all molecules must be in their ground vibrational state so that an improved model could consist in obtaining PESs averaged over the ground vibrational state of the monomers. Very recently, 60 vibrational averages of the isotropic ͑f 000 ͒ and the leading anisotropic ͑f 202 ͒ terms were obtained by means of RCCSD͑T͒ calculations of the quintet state for a set of different intramolecular distances ͑Gauss-Hermite quadrature points͒ as well as a reduced set of relative orientations. It was found that the vibrationally averaged terms are just about 1% more attractive ͑in the well region͒ than the rigid rotor counterparts while being slightly more repulsive at shorter range. This result suggests that the vibrational dependence of the interaction cannot account for the discrepancies of the present calculations with the experimental data. We rather believe that in addition to future studies using even more accurate ab initio methods, improvements of the models for treating the nuclear motions should be addressed, for instance, the inclusion of the anisotropy-and hence, of inelastic transitions-in the calculation of the total cross sections. In addition, new experiments involving less averaged magnitudes should shed some light on the minor uncertainties, which are still beyond reach of current ab initio methodologies. As an example, a combined experimentaltheoretical study of the evolution of the rotational populations of O 2 , measured by Raman spectroscopy along supersonic free jet expansions ͑as recently done for nitrogen 61 ͒, is in progress.
